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1.INTRODUCTION
1.1 Background
The dependence of human civilization on a large range of metals is unquestionable.
There is a long history of association between metals and human development. The
population explosion worldwide has seen in an increase in the per capita use of metals.
The unfortunate consequence of this is the wide dispersal of metals in the natural
environment including air, water and land, thus causing serious ecological problems. Of
particular interest here are the heavy metals and their role in soil contamination. Heavy
metals that have received the most attention with regard to accumulation in soils include Cd,
Cr, Cu, Hg, Ni, Ph and Zn.
The hazardous waste era began with the passage of the Resource Conservation and
Recovery Act (RCRA) in 1976. RCRA and a number of other environmental legislations
have required the U.S. Environmental Protection Agency (EPA) to identify and remediate
uncontrolled or abandoned hazardous waste sites whose inclusion in the National Priority
List (NPL) was an indication of their potential to endanger public health and welfare or the
environment.' Early remedial actions for contaminated soils consisted primarily of their
escavation and removal from the site for disposal at hazardous waste landfills. The first
comprehensive federal law addressing the release of hazardous substances into the
environment, which was enacted in 1980, came to be known as the Comprehensive
Environmental Response, Compensation, and Liability Act (CERCLA), or Superfund.2
This provided a statutory basis for addressing uncontrolled hazardous waste sites that pose2
a threat to human health and the environment. In 1986 CERCLA was revised by the
congress to give birth to Superfund Amendments and Reauthorization Act (SARA), which
added more authority and new responsibilities to the program. The SARA amendments
provide general rules for remedy selection, describe requirements for clean-ups, and
emphasize long-term effectiveness and performance.3 More than 30,000 sites are under
scrutiny as being potential Superfund sites. In many cases the contaminants are heavy
metals such as Pb, Cu and Zn. Currently the average cost of cleaning up of a typical
Superfund site stands at $19 million and is expected to escalate to $50 million in the near
future.' The present day technology of (1) escavation and treatment and (2) solidification
and stabilization, where the contaminant heavy metal is immobilized onto the soil surface,
has not been very effective in providing a low-cost solution for this problem. The main
drawbacks with the current treatment technology are the costs involved in the removal of
soil from the site of contamination and the unpredictable long-term effects of the metal
immobilized onto the soil matrix. The situation is further complicated by lack of innovative
strategies.
Organic acids can form stable complexes with metals and therefore can affect metal
solubility and speciation in solution. Earlier work indicates soil organic matter is
responsible for weathering of primary minerals such as Al, Fe, Mg, and Mn from soils
i.e., mobilization or leaching of the metals. It is well established that low molecular weight
organic acids found in soils function as ligands and can participate in ligand exchange
reactions that release the above mentioned metals. It is this property of organic acids that
can be exploited advantageously, that is,they can be used as agents to leach out heavy
metals from soils in the form of water soluble organo-metal complexes. The technology
involves the introduction of a particular organic acid into the contaminated soil. The
organic acid would mobilize the heavy metal into the solution phase, thereby, forming a
soluble metal-organic complex. This would be pumped back to the surface for further3
treatment to recover the metals from the groundwater. The available number of naturally
occuring organic acids under consideration is large, for example, oxalic, citric, succinic,
formic, lactic acid, etc. For a given metal, the choice of an organic ligand dependson two
factors: (1) the solution phase stability constant of the complex and (2) the solubility of the
resulting organo-metal complex in the aqueous phase. If the first criterion alone
determined the rational for selection of an organic acid, the obvious choice would be oxalic
acid because of its documented ability to mobilize metals and its large values of stability
constant with most heavy metals. The situation changes completely when both the factors
are taken into consideration for the choice of an organic acid. As an example, the log of
the stability constant of lead (Pb) and oxalic acid is 3.32 (at 25°C and an ionic strength of
1.0 M), but the solubility of the complex is only 0.00015 wt%. On the other hand, the log
of the stability constant of lead and succinic acid is 2.8 (at 25°C and an ionic strength of
0.1 M), but the solubility of the resulting complex is 0.0253 wt%. Hence, low molecular
weight organic acids such as succinic acid, which comparatively demonstrate lower values
of stability constants with most heavy metals, are worthy of investigation based on their
ability to form water soluble metal complexes. The primary goal of my research was to
conduct treatability studies using succinic acid as the mobilizing agent on Willamette Valley
soil, contaminated separately with lead (Pb), copper (Cu), and zinc (Zn). Treatability
studies usually provide specific information concerning the potential application of the
proposed technology at field scale. These are normally screening studies aimed at
establishing the validity of the technology.Though laboratory treatability studies may not
be appropriate for generating detailed design or cost data, they do provide information
regarding the maximum possible extent of remediation and also represent optimum
conditions with respect to parameters such as pH and concentration of the organic ligand to
be used.24
1.2 Objective and Method of Approach
The objective of this study was to investigate the use of succinic acid, a
dicarboxylic low molecular weight organic acid, for the removal of heavy metals namely
lead, copper and zinc from contaminated soils. The method adopted to achieve this
objective is outlined as below:
(1)Preparation of synthetic contaminated soils, which are a good representation of
those found at Superfund sites.
Samples of clean, uncontaminated Willamette Valley soil were collected from
Oregon State University Horticulture farm in Corvallis, Oregon. A known amount of the
soil was equilibrated with metal solutions of varying concentration, at a fixed initial pH, to
determine the distribution of the metal between the soil and the aqueous phase. This
procedure was repeated for the three heavy metals. The rational for the above was to
estimate the optimum concentration of the metal solution required to achieve a desired level
of contamination in the soil at a fixed pH. Once the appropriate concentration of the metal
solution was determined, a large batch of artificially contaminated soil was prepared by
mixing the uncontaminated soil and metal solution at a fixed initial pH in a tank until
equilibrium was achieved. The contaminated soil was then washed, air- dried, and stored in
a refrigerator for further experimental use. The same procedure was adopted for all three of
the heavy metals studied.
(2) Evaluation of the leachability of succinic acid in terms of its capacity to mobilize
heavy metals from contaminated soils.
Fixed amounts of single-metal contaminated soils were treated with succinic acid
under varying conditions of pH and organic ligand concentration in an orbital shaker for a
period of 24 hrs. The equilibrium supernatant solution from the above experiments were5
analyzed using an atomic absorption spectrophotometer for the total concentration of each
single metal and other elements found in soil, including Al, Fe, and Si. The final pH of the
supernatant solution was measured by a pH meter. Based on the total amount of the
contaminant heavy metal mobilized into the aqueous phase, the optimum values of pH and
organic acid could be established for each metal.
(3)Prediction of equilibrium solution phase speciation of the metals, organic, and
inorganic ligands using a computer software package MICROQL.
Since the direct determination of all species solubilized by the organic acid solution
is not possible, computer speciation programs such as MICROQL have been designed to
estimate the concentrations of metal species in solution containing several metals and
potential ligands. Such computer programs require an input of total metal and ligand
concentration as measured from experiments, and independently measured stability
constants of possible species.6
2.LITERATURE REVIEW
2.1 Soils_ and Sources of Pollution
Soils are porous media created at the land surface as a consequence of weathering
processes derived from biological, geological, and hydrologic phenomena. They are
multicomponent, open, biochemical systems containing solids, liquids and gases, and can
readily exchange matter and energy with the surrounding atmosphere, biosphere and
hydrosphere.
About one-half to two-thirds of the soil volume is made up by solid matter out of
which more than 90% is inorganic in nature. The ten most abundant elements are (on a
weight basis): 0 > Si > Al > Fe > C > Ca > K > Na > Mg > Ti. Organic material accounts
for the rest of the solid matter among which substances such as humic and fulvic acid are
the most understood. One of the most important aspects of the variability in the
composition of soil minerals is their content of trace elements; which are basically chemical
elements whose mass concentration in a solid phase is less than or equal to 100 mg/kg
(i.e., ppm on a weight basis). Common examples of trace elements present in soil are Ni,
Cu, Zn, Cd, Pb, Fe, Mn, Mo, Co, Na, B, CI, etc. When present in soils at sufficiently
high concentrations, many of these elements essential for animal and plant life are
considered "heavy metals". In the context of environmental studies the terms "toxic" and
"heavy" are considered synonymous; and have been commonly applied. The term heavy
has no accepted basis of definition, whether in reference to specific gravity of atomic
weight, and appears to include all metals of the periodic table with atomic numbers greater
than 20, generally excluding the alkali metals and the alkali earths. The heavy metals7
considered most important as environmental pollutantsare Cr, Cd, Pb, Cu, Zn, Ni, Sb and
B i.9
The addition of heavy metals to soils may be deliberate or a result of inadvertent
transfer. Many additions of heavy metals to agricultural landare farmer initiated. These
include agricultural chemicals and fertilizers, whichmay contain a great range of heavy
metals. In addition many metal-containing pesticides are used regularly. Many urban and
farm wastes, when spread on land as a convenient and economic means of dispersal and
for the benefit of soil productivity, can cause appreciable contamination by heavy metals.
Typical metal-contaminated waste products include municipal wastes, both composted and
uncomposted, pig waste slurries which may contain 600-900 mg Cu/kg (dry basis) and
sewage sludge. The contamination of some rivers and canals with effluents from mining
and industrial activities can also lead to soil pollution, if the water from these sources is
used for irrigation. Various factors may result in inadvertent transfer of heavy metals to the
soil-plant-animal ecosystems. For example, point source emissions of large metal
industries can cause broad scale land contamination. Industries involved in chemical
manufacturing, oil refilling, metal processing and plating, fertilizer manufacture and
tanneries fall in this category. Smelters, power plants and incinerators have also been the
cause of large scale contamination of soil. Lastly, the emissions from motor vehicles have
also contributed to the problem, lead being the major contaminant, because of its common
use as an anti-knock agent (tetraethyl lead) in gasoline.9
2.2 Chemistry of Heavy Metals and Soils
2.2.1 Speciation of Metals in Soil Solution
Soil solution is an aqueous liquid phase in soil whose composition is influenced by
flows of matter and energy between it and its surroundings and by the gravitational field of
the earth. The above definition suggests that soil solution is an open system and also aseparate phase for two reasons. First, it has uniform macroscopic properties like
temperature and electrolyte concentration and second, it can be isolated from the soil and
investigated in the laboratory.5
The study of metal speciation in soil solution is important for the reason that the
complexation of metal ions with organic and inorganic ligands present in theaqueous phase
determines the fate of metals in the environment, including their transport uptake and
toxicity (ground water contamination). As an example, determination of the free metal ion
concentration is of fundamental importance because this species enters into all equilibria
between different forms of the metals in solution. Previous investigations on adsorption of
transition metals at the solid/solution interface have demonstrated that the adsorptive uptake
of the metals shows a strong dependence on the formation of highly sorbable metal species.
The extent of adsorption of the aquo-metal ion, i.e. M2+, is small in comparison to that of
the metal hydrolysis products, e.g., MOW.Thus knowledge of metal speciation can also
be essential to the interpretation of adsorption behavior.6 Since our study involves the
complexation of an organic ligand (succinate ion) and contaminant heavy metals, a brief
discussion on speciation of metals in soil solution follows.
A complex is said to form whenever a molecular unit, such as an ion, acts as a
central group to attract and form a close association with other atoms or molecules. The
associated ions in these complexes are termed as ligands. Usually this term is applied to
anions or neutral molecules coordinated to a metal cation in a complex, but it can be applied
also to cations coordinated to an anion.5 If two or more functional groups of a single
ligand are coordinated to a metal cation in a complex, the complex is termed chelate. In soil
solutions, metals may exist either as free (uncomplexed) ions or as various complexes with
both organic and inorganic ligands. Two types of soluble complexes are formed between
metals and complexant ligands. Outer sphere complexes or ion pairs are relatively weak
electrostatic associations formed between a hydrated cation and a complexant ligand inwhich one or both of the charged species retaina hydration shell. Inner sphere complexes
are strong associations between metal and complexant ligands in which a covalent bond
results. Outer and inner sphere complexes may have negative or positive chargesor be
electrically neutral.
as :
Complexation between a metal, M+fn and a ligand, L-n, can be generally expressed
m+In MLa rn-an
where a is the number of ligand ions combining withone metal ion. The net charge on a
metal-ligand complex, m-an can be positive, negative or zero. The overall stability
constant K for the reaction is defined as:
K( MLani-na I
[ M+m[ L-11 ]a
9
(1)
(2)
where square brackets indicate the aqueous phase concentration (usually expressed in molar
units, i.e., g-mol/L) of the dissolved species. The total soluble metal activity of a given
metal can be written as the total activity of the "free" metal ions plus the sum of all soluble
mononuclear complexes of that metal.
MT= [ Nrni ] + E [ MLam-an
ligands
where the value of a and n vary among the ligands present in the system. Combining
equations ( 2 ) and ( 3 ) gives:
MT = M+In+ EK[M+mI[Ln1a
ligands
(3)
(4)
The extent of complexation depends not only on the relative amounts of metal and
complexant ligands present, but also on the pH of the aqueous solution. The total content
of these metals and ligands can be determined by a variety of analytical procedures such as10
atomic adsorption spectroscopy, atomic emission inductively coupled plasma spectroscopy,
ion chromatography and certain calorimetric procedures. In addition to the above, ion
specific electrodes can be used to measure only the aquo-metal species. Generally total
confirmation of metal speciation calculations is analytically difficult. The speciation of
individual elements in natural waters can be calculated once their total contents are known.
Computer programs such as GEOCHEM and MICROQL have been written to perform
these tasks. However, the major weakness of these computer programs is that many
possible naturally occuring complexes are not included in the models because their
formation constants are not known. This is especially true for complexes involving most
organic ligands.4
2.2.2 Retention of Heavy Metals by Soils
Two major mechanisms are involved in the retention of metals by soils. Metals
may be retained by adsorption reactions involving the formation of either outer sphere or
inner sphere complexes with the surfaces of mineral and organic constituents. Adsorption
is the net accumulation of matter at the interface between a solid phase and an aqueous
solution phase. The matter that accumulates in the two-dimensional molecular
arrangements at an interface is the "adsorbate". The solid surface on which it accumulates
is the "adsorbent". A molecule or an ion in the soil solution that potentially can be
adsorbed is termed as "adsorptive". The complexes formed between surface functional
groups and constituents of the soil solution can be classified analogously to the complexes
that form entirely among aqueous species. If a surface functional group reacts with an ion
or a molecule dissolved in the soil solution to form a stable molecular unit, a "surface
complex" is said to exist and the formation reaction is termed "surface complexation". Two
broad categories of surface complexes are distinguished on structural grounds. If no water
is interposed between the surface functional group and the ion or molecule it binds, the
complex is inner sphere. If at least one water molecule is interposed between the functional11
group and the bound ion or molecule, the complex is outer sphere. As a general rule, outer
sphere surface complexes involve electrostatic bonding mechanisms, where positively
charged cations in solution are attracted by coulombic forces to the negatively charged
edges and surfaces of soil particles and therefore are less stable than inner sphere surface
complexes, which necessarily involve either ionic or covalent bonding, or some
combination of the two. Since covalent bonding depends significantly on the particular
electron configuration of both the surface group and the complexed ion, it is appropriate to
consider inner sphere surface complexation as the molecular basis of the term "specific
adsorption". Correspondingly, the outer sphere complexation is the molecular basis for the
term "non-specific adsorption". The non-specificity refers to the weak dependence on the
electron configuration of the surface group and adsorbed ion to be expected for the
interaction of solvated species. As a consequence of this weak association, the adsorbed
ions are easily exchanged by other cations that similarly form outer sphere complexes with
the surface. Hence, such bonding or non-specific adsorption is also more commonly
referred to as cation exchange. The extent of cation exchange reactions can be estimated
from the knowledge of the cation exchange capacity (CEC) which is defined as the
maximum number of moles of proton charge dissociable from a unit mass of humus under
given conditions of temperature, pressure, soil solution composition, and humus
concentration of the soil. CEC is normally expressed as meq/100 g of soi1.5
Most metallic cations form inner sphere complexes with charged mineral surfaces
through a process of ligand exchange. Such type of complexes occur most readily on
oxide and hydroxide surfaces, such as those on geothite ( ocFe0OH ) and gibbsite ( a-
Al2(OH)6. Since the mode of formation involves covalent bonds, these adsorbed species
are difficult to displace. This specific adsorption of metallic ions occurs most favorably
for metals that hydrolyze in water. The generalized expression for the hydrolysis of a
divalent metal can be represented as follows:12
M+2 (aq) + nH2O(1) ' M(OH)n2 -n(aq)+ nH+
The adsorption reaction generally involves the formation ofan inner sphere complex
between the hydroxo-metal complex and the negatively charged deprotonated surface of
oxides, hydroxides and oxyhydroxides of Al, Mn and Fe. The oxides and oxyhydroxides
of Mn are, in particular, very good scavengers of metallic ions.4 The extent of adsorption
depends on the pH, ionic strength, and concentration of the metallic cation (adsorbate) in
the aqueous phase. Typically, adsorption increases with an increase in pH; anda
maximum is achieved somewhat below the plc of the hydrolysis reaction of the metal in
water. One possible explanation for this behavior is that as pH is raised, aqueous metal
cations hydrolyze and readily form inner sphere complexes with sites on the soil surface.
Soil organic matter has been of particular interest in the study of heavy metal
retention by soils, because of its significant impact on cation exchange capacity (CEC) and
more important, the tendency of transition metal cations to form stable complexes with
organic ligands.8 The totality of organic matter in soil, except materials identifiable as
unaltered or partially altered biomass (plant parts and micro organisms), is called humus.
Besides humic substances, this dark colored constituent of the solid matter in soil consists
of a variety of biomolecules such as aliphatic organic acids (formic acid, acetic acid, oxalic
acid, tartaric acid, citric acid, etc.), aromatic acids whose fundamental structural unit is a
benzene ring (benzene carboxylic acid, phenolic acids, etc.) and amino acids (glycine,
alanine, aspartic acid, glutamic acid, arginine, lysine, etc.). Another important class of
biopolymers in soil are the carbohydrates, which consist of both monosaccharides such as
glucose, galactose, mannose, xylose, glucuronic acid, glucosamine and polysaccharides
such as cellulose and lignin. The chemistry of biomolecules of low relative molecular mass
has a strong influence on acid-base and metal complexation reactions in soils, whereas the
chemistry of the biopolymers influences the surface and colloid chemistry of soils through13
adsorption reactions both with the constituents of the soil solution and with solid phases in
soil. On the other hand humic substances are compounds in humus which are not
synthesized directly to sustain the life cycles of the soil biomass. These are polymeric
compounds produced through microbial action that differ from biopolymers because of
their molecular structure and their long-term persistence in soil.
Many studies have shown that the surface reactions of the complexing ligands can
be an important factor controlling the equilibrium distribution of metal ions between solid
and aqueous phases. The mechanism of retention of heavy metals by soil organics
fractions include both the formation of inner sphere complexes and ion exchange reactions.
The extent of adsorption does not seem to depend upon atomic weight, atomic number,
ionic radius, or the hydrated radius of the retained atom. Inner sphere complexes between
metals and soil organic matter can be formed by association between cations and
coordinating functional groups found in humic substances, in which the functional groups
behave like complexant organic ligands. Since most organic ligands contain more than one
donor atom, additional linkages may be formed with the metal ion to give rise to chelated
complexes. Donor atoms are generally more electronegative non-metallic elements, such as
0, N, and S. These elements are usually contained within basic groups, such as -NH2
(amino), =0 (carbonyl), -OH (alcohol), and -S- (thioether) ; or with acidic groups such as
-COOH (carboxyl),-OH (enolic or phenolic), and -SH (thiol).4 As a result of the complex
nature of the humic substances explained above, application of chemical thermodynamics to
metal sorption on these surfaces is not as well developed as it is for similar sorption on
mineral surfaces.
Cation adsorption reactions in soils are typically rapid, operating on time scales of
minutes or hours, but they can exhibit long-time "tails" that extend over days or even
weeks. Readily exchangeable ions adsorb and desorb very rapidly, with a rate governed
by a film diffusion mechanism. Specifically adsorbed ions show much more complicated14
behavior, in that they often adsorb by multiple mechanisms that differ from those involved
in their desorption, and their rates of adsorption or desorption are described by more than
one equation during the course of either process. The equilibrium distribution of the cation
between the soil and the aqueous phase at fixed temperature and applied pressure is termed
as an adsorption isotherm.
Adsorption isotherms are convenient for representing the effects of adsorptive
concentration on the surface excess, especially if other variables such as pH and ionic
strength are controlled along with temperature and pressure. Their are four categories of
adsorption isotherms observed commonly in studies with soil. The S-curve isotherm is
characterized by an initially small slope that increases with adsorptive concentration. This
behavior suggests that the affinity of the soil particles for the adsorbate is less than that of
the aqueous solution. The L-curve isotherm is characterized by an initial slope that does
not increase with the concentration of adsorptive in the soil solution. This type of isotherm
is the resultant effect of a high relative affinity of the soil particles for the adsorbate at low
surface coverage coupled with a decreasing amount of adsorbing surface remaining as the
surface excess of the adsorbate increases. The H-curve isotherm is an extreme version of
the L-curve isotherm. Its characteristic large initial slope suggests a very high relative
affinity of the soil for an adsorbate. This condition is usually produced either by inner
sphere surface complexation or by significant van-der-Walls interactions in the adsorption
process. The C-curve isotherm is characterized by an initial slope that remains independent
of adsorptive concentration until the maximum possible adsorption is achieved. This kind
of isotherm can be produced either by a constant partitioning of an adsorptive between the
interfacial region and the soil solution, or by a proportionate increase in the amount of
adsorbing surface as the surface excess of an adsorbate increases.
The L-curve isotherm is by far the one most commonly encountered in soil
chemistry. The mathematical description of this isotherm either involves the Langmuir15
equation or the Van Bemmelen-Freundlich equation. The Langmuir equation fora
particular metal has the form:
bKLC
1+ KLC
where q is the amount of cation adsorbed on to the soil surface and C is the equilibrium
concentration of the sample in the aqueous phase. KL and b are adjustable parameters. The
parameter b represents the value of q that is approached asymptotically as C becomes
arbitrarily large. The derivation was based on three assumptions: (1) a constant energy of
adsorption that is independent of the extent of surface coverage (i.e., a homogeneous
surface); (2) adsorption on specific sites, with no interaction between adsorbate molecule;
and (3) maximum adsorption equal to a complete monomolecular layer on all reactive
adsorbent surfaces. The Van-Bemmelen-Freundlich isotherm equation has the form:
q = ACB
where A and B are positive valued adjustable parameters with B constrained to lie between 0
and 1.7
Like empirical rate laws, adsorption isotherms equations cannot be interpreted to
indicate any particular adsorption mechanism. They should be regarded as curve fitting
models without particular molecular significance, but with predictive capabilities under
limited conditions.6
Precipitation is yet another mode of metal retention by soils. The concentration of
many heavy metals in industrial and municipal wastes applied to soils is generally several
orders of magnitude higher than their concentration in nature. Thus the precipitation of the
metals as secondary minerals often may occur when such wastes are added to the soil. The
most important precipitates are the oxides, oxyhydroxides, hydroxides and carbonates.
The extent of dissolution of a mineral, MiLm,in water, and conversely its precipitation,16
can be described by its solubility product, Ksp, the product of the activity of Its constituent
ions in solution.
At equilibrium
1Mni 1.+ m1- MILIn (s) (aq) (aq)
Ksp as
[Mm+]1 [L'
where as is the activity of the solid phase (MiLm). Since the activity of the solid phase is
generally assumed to be unity, a more general representation to express the equilibrium
constant as a solubility product constant is:
KSP[Mm+11 [LI -]m
Among the most important precipitation reactions occuring in soil, are hydrolysis
reactions involving the OH- ligand. The hydrolysis reactions can precipitate hydroxides
and oxyhydroxides if the concentration of the metal ion and the OH- ions, that is, the ion
activity product, exceeds the value of the solubility product. Hence pH is the controlling
parameter since the extent of hydrolysis increase with increasing pH. By contrast, the
extent of precipitation of metallic carbonates and sulfides in soils is controlled by the partial
pressure of the gaseous carbon-dioxide and hydrogen sulfide and not just the solubility
products of the individual carbonates and sulfides.4
2.2.3 Desorption of Heavy Metals from Soils
Organic acids alter chemical processes in soils through complexation reactions with
metals in solution and ligand-exchange reactions at soil surface. The sources of soluble
organic substances are natural decompositions of plants residues that reach the soil in the
form of leaves, branches and other organic debris, as well as organic substances derived17
from decomposition of roots. The complexation and translocation of Al and Fe by organic
acids is thought to be the primary mechanism involved in the podolization process.1°
Previous work done by many researchers indicates that humic compounds as wellas low
molecular weight organics of similar structure can effect the dissolution of metals from
soils. The ability of low molecular weight organic acids, containing carboxylic or phenolic
functional group, to release P and Al from soils is well established and has been related to
the stability constant of the ligand. Several studies with soils have shown that organic
acids with large logK values release greater amounts of metals than organic acids with
smaller logK values. The existence of metal in variety of retention modes within the soil
also alters the extent and rate at which they are released. It is convenient to consider two
broad categories, distinguished by whether solid-phase dissolution is required to effect
metal release. Metals that are displaceable without substrate dissolution are termed
"adsorbed". This fraction may include water soluble, exchangeable, specifically and
physically sorbed and organically bound metals. Metals requiring solid-phase dissolution
for release into solution are called "structural". This structural fraction includes metals
present as precipitated compounds (e.g., hydroxides, carbonates, sulfides) and bound to
Fe/Mn oxides through occlusion, chemisorption, or coprecipitation. Generally, more than
half of the total heavy metals in soils are present in non-labile fractions.
For release of adsorbed metals by organic acids of the form HxL,11 this interaction
can be expressed as :
S-M + A2+ me"1"S-A + M2+
M2+ + HxL eni=16MHx_IL+ (aq) + H+
where S represents the soil surface, M is the divalent metal, and A is the metal present in
solution. Conceptually, the organic ligand enters into a surface complexation reaction,
which is then followed by detachment of the metal organic complexes into solution. The18
release of metal hydroxide retained as inner-sphere complexes on the soil surfaces is an
example that involves surface complexation reaction:11
S-0-M(OH) + HxL R"'"°111MHx_IL (aq) + H2O
The stability of metal ligand complexes decreases as pH values decrease indicating
the importance of proton competition and reflecting the role of RC00-. Besides pH, the
stability constant is also influenced by the charge, ionic radius, degree of hydration, and
geometry and energies of the available bonding orbitals of the metal ion involved. The
effectiveness of organic acids in metal dissolution depends on a number of factors,
including their concentration and reactivity. On the basis of chemical reactivity, organic
acids can be divided into two groups: (1) -COOH and (2) -COOH and phenolic-OH
groups. In the latter group of acids are fulvic and humic acids. These have a strong
chelation capacity, that is, they are very effective in the dissolution of soil minerals;
however, the resulting complexes have very low solubilities. Hence, they tend to
precipitate out of solution almost as soon as they are formed. A number of authors have
investigated the effects of various organic acids on metal dissolution from well
characterized silicate minerals and contaminated soils.11-14 Other studies have also
discussed the importance of type and position of functional group on organic acids in metal
complexation reactions from primary minerals. Most of the organo-metallic interactions in
soils have been conducted with fulvic and humic acids. In nature, the organic acids most
likely to be involved in forming metal complexes are oxalic, citric, malic, tartaric, succinic,
and other aliphatic and aromatic organic acids that are commonly found in the soil solution.
Though high molecular weight substances such as fulvic and humic acids have a
very high affinity for metals, they are largely insoluble in soil water. On the other hand,
nonhumic substances of low molecular weight, such as organic acids and bases, are
relatively soluble when complexed with metals. Low molecular weight nonhumic19
compounds are usually very good complexing agents for metal ions. Since the resulting
complexes are much more soluble than the humic metal complexes, nonhumic complexes
generally serve to mobilize heavy metals in soils rather than immobilize themon to the soil
surface as solid precipitates. Hence, low molecular weight organic acidscan be utilized
advantageously as soil flushing agents in the treatment of heavy metal contaminated soils.
tot'It'so I .
The conventional remedy for heavy-metal contaminated soils involves its escavation
from the particular site followed by treatment and refilling. The costs incured in such
operations are huge, which make them very unattractive. One alternative to this could beto
apply the pump-and-treat method in-situ. The proposed technology would require theuse
of chemical agents and some physical manipulations to mobilize metal contaminants. This
in-situ treatment would involve the injectionor spraying of a specific chemical into the
subsurface inorder to mobilize and flush out the contaminants. It is highly likely thata
combination of in-situ and above ground waste water treatment would result in themost
cost effective method of cleaning up an uncontrolled waste site. Figure 2.1 shows the
schematic diagram of the proposed process. In-situ form of remediation for contaminants
other than heavy metals, such as petroleum hydrocarbons and other organics compounds,
has worked well and resulted in permanent and significant reduction in volume, toxicity,
and mobility of hazardous wastes.
The use of soil flushing to remove soil contaminants involves the elutriation of
organic/inorganic constituents from soil for recovery and treatment. Flushing solution may
include water, acidic aqueous solutions, basic solutions and surfactants. This method is
potentially applicable to all types of soil contaminants and is more effective in permeable
soils such as sandy soils. Removal of contaminants is generally permanent, and additional
treatments are necessary if the soil flushing process is successful. Costs are moderate,20
Make-up
Organic
Acid
Water
Table
Dilute Organic Acid
Organic
Acid
Spray Application
Metals
Metal
Recovery
LTMetal-organic
Well
Contaminated
water
Figure 2.1 Schematic Process Diagram of in-situ Remediation of Heavy-Metal
Contaminated Soil Using Organic Acids21
depending on the flushing solution chosen. One of the major disadvantages of this
technology is the possibility of introducing potential toxins (the flushing solution) into the
soil solution which may also cause alterations in the physical/chemical properties of the soil
system. The use of low molecular weight organic acids as flushing reagents can promote
microbial activity (biodegradation) in the soil since they are rich sources of carbon. This
may result in a natural loss of the organic ligand, which may tend to increase the cost of the
process. A potential exists for solvents to transport contaminants away from the site into
uncontaminated areas. Finally, the removal of contaminant can be incomplete owing to the
heterogeneity of the soil permeability. No technique can guarantee complete removal of a
contaminant, however, by using naturally occuring low molecular weight organic acids as
flushing agents, there would be no introduction of toxic chemicals into the soil system and
ground water.3.MATERIALS AND METHODS
3.1 Materials
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Laboratory grade chemicals constituted the bulk of materials employed during this
study. No attempt was made to purify or pretreat any of them prior to use. Table 3.1
presents a summary of the reagents used. The abbreviation F.W. stands for formula
weight. Besides the chemicals, standard laboratory equipment including glass Erlenmeyer
flasks, round-bottom flasks, graduated cylinders (glass and plastic), beakers, burettes,
pipets (glass and plastic), micro pipets (Eppendorf 10111- 100111 and l00µ1- 1000W), vinyl
examination gloves, parafilm, aluminium foil, 250-m1 plastic bottles, 50-m1 centrifuge
bottles (Nalgene company), digital balance (Mettler PM 2000), weighingpaper, pH-meter
(Beckman 4) 21), magnetic stirrer (VWR model 320), orbital shaker (Lab-Line Instruments,
Inc.), disposable filterware (0.45-pm), sampling bottles, plastic trays, sieves, marker
pens, tissue papers etc. were extensively used.
3.2 Experimental Procedures
3.2.1 Collection of Soil Samples
The soil used for our experimental work was obtained from the Oregon State
University Horticulture Farm, Corvallis, Oregon. The taxonomic name of this soil is
Pachicultic Agrixeroll and is typical of the soil found in the Willamette valley. The soil
samples were collected from a depth of 2 feet and transported to our laboratory in plastic
barrels. The soil was spread out on sheets of brown paper and inspected for pebbles,
roots, weeds and other superficial objects, which were disposed off. It was left out in the
open for a period of 2 days for drying.23
Table 3.1 List of Chemicals
Name Formula Distributer Comments
Cupric Sulfate CuSO4.5H20 Fisher Scientific
Company
Solid,
F.W.=249.68
Zinc Sulfate ZnS047H20 EM Science Solid,
F.W.=287.54
Lead Chloride PbC12 EM Science Solid,
F.W.=278.10
Succinic Acid (CH2COOH)2 J.T.Baker Solid,
F. W.= 118.09
Potassium
Hydroxide
.
KOH J.T.Baker
Liquid, 0.1 N in
methanol volumetric
solution,
F.W.=56.11
Hydrochloric Acid HCl J.T.Baker Liquid, 0.1 N,
F.W.=36.5
Nitric Acid HNO3 EM Science Liquid, 0.1 N,
F.W.=63.01
Hydrofluoric Acid HF J.T.Baker Liquid, 48%,
F.W.=20.01
Boric Acid H3B03 EM Science Solid, F.W.=61.83
Methyl Alcohol CH3OH Mallinc Krodt Liquid, Absolute,
F.W.=32.04
Formaldehyde HCHO Mallinc Krodt Liquid, 36.8%,
F.W.=30.03
Sodium Perchlorate NaC1O4 EM Science Solid,
F.W.=122.46
Lead Perchlorate Pb(C104)23H20 EM Science Solid,
F.W.=460.20
pH-7 Buffer Micro Essential
Laboratory
So lid powder in
capsule to be
emptied in 100 ml
of DDW. Contents
include sodium and
potassium
phosphate
pH-4 Buffer Micro Essential
Laboratory
Solid powder in
capsule to be
emptied in 100 ml
of DDW. Contents
include potassium
acid phthalate
Pb+2 ion analyzer
reference electrode
outer filling solution
Orion 10% KNO324
Table 3.1 (Continued)
PO ion analyzer
reference electrode
inner filling solution
Orion Saturated with AgC1
Copper standard
-
VWR Scientific Inc.
Copper in dilute
nitric acid, 1000
PPM
Lead standard
-
EM Science
Lead Nitrate in
dilute nitric acid,
1000 PPM
Aluminium standard
-
EM Science
Aluminium
Chloride in dilute
hydrochloric acid,
1000 PPM
Iron standard
.
-
Fisher Scientific
Ferric Nitrate in
dilute nitric acid,
1000 PPM
Silicon standard
-
EM Science
Sodium Silicate in
dilute sodium
hydroxide, 1000
PPM
Zinc standard
-
EM Science
Zinc Nitrate in
dilute nitric acid,
1000 PPM
Distilled-Deionized
water (DDW)
H2O Chemistry
Department, O.S.025
When sufficiently dry, the soil was strained through a 2.362-mm (0.093") sieve to remove
large lumps of soil and mixed well to homogenize it.It was then sealed in polyethylene
bags, placed in a plastic container and stored in the refrigerator for future use.
3.2.2 Adsorption Study
All metal (Cu, Pb, Zn ) adsorption experiments were conducted in batch. First,
0.01 M (molar) stock solutions of each metal was prepared in a glass Erlenmeyer flask
using distilled and deionized water (DDW). Table 3.2 shows the salts and the amounts
used for the preparation of stock solutions. The pH of the solutions was adjusted to - 4.5
using 0.1 N KOH or 0.1 N HCl as appropriate. The reason for selecting a low pH was to
hinder the formation of any solid precipitates, which are experimentally indistinguishable
from removal of metals from solution by adsorption.
The metal adsorption isotherms were done using nine concentrations (50, 100, 200,
300, 400, 500, 1000, 5000 and 10,000 µM) of metal in solution. Serial dilutions of the
original stock solutions were performed using DDW to obtain the desired concentrations
and the their pH adjusted to -4.5. A 0.25-g quantity of Willamette Valley soil was mixed
with 25 ml of the metal solution in a 50-m1 plastic centrifuge tube and placed in the orbital
shaker at 25°C and 250 RPM. No attempt was made to control the pH or the ionic stength
of the reacting mixture. A Similar procedure was adopted for the nine different
concentrations and the three metals studied. All experiments were carried out in duplicates
and 24 hr was decided to be sufficient for equilibration based on literature search.8 After
equilibrium was attained, the samples were centrifuged (Beckman Model TJ-6 Centrifuge,
Soil Science Department, O.S.U) at 7000 RPM for 30 min and the pH of the supernatant
recorded. The total metal content of the supernatant was determined by a flame atomic
absorption spectrophotometer (AAS). The amount of metal adsorbed was computed by the
difference between the the initial and final metal concentration in solution.26
Table 3.2 Salts for Preparation of Stock Solutions
Adsorbate Chemical Amount
(grams/liter DDW)
Cu CuSO4.5H20 2.5
Zn ZnSO4.7H20 2.86
Pb PbC12 2.78
Isotherms were calculated based on the quantity of metal adsorbed by the soil and were
plotted against the the metal concentration in solution. Therefore, the isotherm represent
the total metal adsorbed in terms of the milliequivalents of the metal as M2+, although the
actual species adsorbed may be a combination of M2+, MC1+, MSO4, Mx0Hy+(2x-Y).
3.2.3 Preparation of Synthetic Contaminated Soil
The preparation of synthetic single-metal contaminated soil was carried out in a 30-
L glass batch reactor. The chemicals and the operating conditions were essentially the same
as those for the adsorption study. Ten liters of 0.01 M metal solution with its pH adjusted
to 4.5 was mixed thoroughly with 2 kg of Willamette Valley soil. The mixture was
vigorously stirred once every hour and at the end of 24 hr, three samples of the supernatant
solution were taken for atomic adsorption analysis and their pH recorded. Next, the
supernatant solution was drained off carefully, minimizing as best as possible the loss of
soil in the effluent. The residual soil was washed three times with DDW to remove any
solid precipitates. The wet soil (slurry) was poured into flat trays and air-dried for 2 days.
The dry soil was then strained through a 2.362-mm sieve and the subsample sealed in a
polyethylene bag. The soil was stored in the refrigerator prior to use. The same procedure
was adopted for all the heavy metals studied.27
3.2.4 Determination of Total Metal Content in Contaminated Soil
The amount of heavy metal taken up by the soil during the preparation of synthetic
contaminated soil could have been estimated from difference in the initial and final
concentration of the metal in the supernatant. A more direct and accurate method is the soil
digestion technique which was made use of in our case. A fixed amount of contaminated
soil is completely digested by a combination of acids, and the total metal determined using
an AAS. The stepwise procedure is outlined below:
(1)Take 0.5 g of contaminated soil in a 250 ml plastic bottle.
(2) Add 5 ml of aqua regia (three volumes HC1 per volume HNO3).
(3)Add 5 ml of 48% hydrofluoric acid.
(4)Place the bottle overnight in the orbital shaker at 25°C and 250 RPM
(5)After 24 hr, remove the bottle from the shaker and allow it to cool down.
(6)Add 50 ml of boric acid and 40 ml of DDW to make up the liquid volume to 100
ml.
(7)Remove undigested soil particles were from the solution using a 0.45 -p.m pore size
filter paper.
(8)Analyze the solution is for total metal concentration using an AAS.
As before, the same procedure was applicable to the three heavy metals in consideration.
The liquid concentration values in micro molar (pM) were easily converted to W/W basis
using the following relationship:
p grams of metal
gram of soil [Concentration as measured by AAS in RM] x
0.1 liter of solution
x [Molecular weight of the metal] 0.5 grams of dry contaminated soil28
3.2.5 Desorption Experiments
The desorption experimentswere conducted in a batch mode, using dilute succinic
acid as the solvent. Four 0.1 Msuccinic acid stock solutions were prepared in glass
Erlenmeyer flasks using DDW. A quantityof 11.81 g of solid reagent-grade succinic acid
was dissolved in 1 L of DDW to obtain the requiredconcentration of acid. The pH of each
stock solution was adjusted toa unique value in the range 3.5- 6.5 using 0.1 N KOH or
0.1 N HC1, as necessary. Ata fixed initial pH of succinic acid, leaching experimentswere
performed using three different concentrationsof the acid namely 1, 10 and 100 mM plusa
control containing no acid. A quantity of2.5 g of single-metal contaminated soilwas
mixed with 25 ml of organic acid ina 50-ml plastic centrifuge bottle and placed in the
orbital shaker at 25°C and 250 RPM.No attempt was made to control the pHor the ionic
strength during the experiment. A Similarprotocol was followed while using the four
organic acid concentrations (including zero)at four different pH and for all the heavy
metals studied. All experimentswere carried out in duplicates and a reaction time of 24 hr
was found sufficient for achieving equilibrium conditions.At the end of this period, the
plastic bottles were centrifuged at 7000RPM for 30 min and the pH of the supernatant
noted. The total metal content, includingfree, organically bound and inorganically bound
metal was determined by an AAS. Incase of lead, it was possible to measure the
concentration of the free lead ion (Pb4-2) inthe supernatant using a lead specific electrode.
The percent metal removedor leached out in each case could be computed from the
following relationship:
Total metal (4M) in supernatant % Removal x 100
Total metal content (.tM) in the soil
Desorption isotherms were generated byplotting % removal versus pH for various organic
acid concentrations. The supernatant solutionswere also analyzed for Al, Fe and Si to
determine the extent of removal of thesenaturally-occuring metals.29
3.3 Instrumental Methods of Analysis
3.3.1 Atomic Absorption Spectrophotometer
The total metal content of the supernatant solutions was measured by a Perkin-
Elmer Model 4000 Atomic Absorption Spectrophotometer (AAS) in the Soil Science
Department, Oregon State University. An AASmeasures the concentration of metallic
elements in a variety of matrices. The readout of the model 4000were calibrated directly in
units of concentration (micro molar, p.M). Several possible wavelengths for atomic
absorption are listed for each element. The choice of wavelength dependsupon the
concentration range of the samples to be analyzed. If the samples are at a very low
concentration, the most sensitive wavelength should be selected and if very concentrated, a
less sensitive wavelength should be used. The slit width listed for each elementwas the
one found to be optimum for that element at that particular wavelength. The selection of
standards were based upon the linear range values listed for the particular wavelength.
Linear range values indicate the approximate concentration one can read before the
absorbance/concentration plot starts to curve. Since the concentration of most of our
samples fell outside the linear range values, dilution was necessary and was performed by a
Brinkmann Digital Diluter Model 9200 in the Soil Science Department. Dilution factor
(DF) is defined as :
Volume of diluted sample in ml DFVolume of aliquot taken for dilution in ml
Hence the actual concentration of any liquid sample would be
Element (pM) = C x DF
where C (pM) is the AAS reading of the diluted sample.30
The two most common oxidant/fuel combinations used in atomic absorption today are air-
acetylene and nitrous oxide-acetylene. Table 3.3 lists the parameters discussed above for
the six metals (Pb, Cu, Zn, Al, Fe, Si) considered and Table 3.4 shows the standards
used.
3.3.2 Lead Ion Specific Electrode
A lead ion specific electrode can be used to measure the concentration of lead free
ion (Pb2+) in solution. During the analysis, special care has to be taken to ensure that all
laboratory ware is plastic and not glass to prevent the adsorption of lead ions onto the glass
surface. The stepwise procedure for the analysis is as follows:
(1)Prepare methanol formaldehyde by adding three drops of 37% formaldehyde to
1000 ml of reagent-grade methanol.
(2)In order to prepare ionic strength adjuster (ISA), which is used both in samples and
standards, add 70.25 g reagent -grade NaC1O4 to a 100-m1 volumetric flask. Add
about 50 ml DDW to dissolve the solid and dilute to the mark resulting in a
concentration of 5 M.
(3)Prepare 10 -2 M, le M, and 104 M standards by serial dilution of the 0.1 M
standard
(4) Place electrodes in 5 ml of the 10-3M standard; add 5 ml of methanol-formaldehyde
solution and 0.2 ml of ISA. Set the function switch to REL MV and the reading to
0.000 with the calibration control.
(5)Rinse electrodes, blot dry, and place 5 ml of 10-4 M standard. Add 5 ml of
methanol-formaldehyde solution and 0.2 ml of ISA. Stir thoroughly. Wait for a
stable reading and record.
(6)Rinse electrodes, blot dry, and place 5 ml of 10-2M standard. Add 5 ml of
methanol-formaldehyde solution and 0.2 ml of ISA. Stir thoroughly. Wait for a31
Table 3.3 Standard Conditions for AAS
Metal Wavelength
(nm)
Slit Width
(nm)
Linear Range
(PPM)
Flame Type
Cu 324.8
-
0.7 5.00
Air-Acetylene,
Oxidizing
(Lean, Blue)
Zn 213.1 0.7 1.00
Air-Acetylene,
Oxidizing
(Lean, Blue)
Pb 283.3 0.7 20.00
Air-Acetylene,
Oxidizing
(Lean, Blue)
Al 309.3 0.7 100.00
Nitrous Oxide-
Acetylene,
Reducing
(Rich, Red)
Fe 248.3 0.2 5.00
Air-Acetylene,
Oxidizing
(Lean, Blue)
Si 251.6 0.2 150.00
Nitrous Oxide-
Acetylene,
Reducing
(Rich, Red)
Table 3.4 AAS Standard Solution Used
Metal Concentration
(PPM)
Cu 3, 5
Zn 0.5, 1
Pb 5, 10
Al 50
Fe 1
Si 5032
stable reading and record.
(7)Plot the millivolt readings (linear axis) against concentration (log axis). The
linear region of the calibration curve may be extrapolated down to about 2x 10-6M
lead ion.
(8)Transfer 5 ml of sample to a 25-m1 beaker. Add 5 ml of methanol-formaldehyde
solution and 0.2 ml of ISA. Rinse electrodes, blot dry, and place in the sample.
Stir thoroughly. Wait for a stable reading and record. Determine the unknown
concentration from the calibration curve.
(9)For low-level measurements, prepare low-level ISA by diluting 20 ml of the
original ISA to 100 ml with DDW.
(10)Place 5 ml DDW and 5 ml methanol-formaldehyde in a 25 ml beaker. Add 0.1 ml
of low-level ISA. Add increments of 10-4 M standard as described in Table 3.5
Stir thoroughly after each addition and record electrode potential.
(11)Prepare a low-level calibration curve by plotting electrode potential (linear axis)
versus concentration (log axis).
(12)Transfer 5 ml of sample to a 25-m1 beaker. Add 5 ml of methanol-formaldehyde
solution and 0.1 ml of low-level ISA. Rinse electrodes, blot dry, and place in the
sample. Stir thoroughly. Wait for a stable reading and record. Determine the
unknown concentration from the low-level calibration curve.33
Table 3.5 Calibration Curve For Low-Level Measurements
Step Added
Volume
(ml)
Resulting
Conc.
(11M)
1 0.01 0.1
2 0.01 0.2
3 0.02 0.4
4 0.02 0.6
5 0.04 0.99
6 0.2 2.9
7 0.2 4.84. MICROQL
4.1 Introduction
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In order to assess the environmental impact of metals, it is important to know the
concentration of individual species in the solution. Since the direct determination of all
species by analytical procedures is impossible, computer simulative modeling basedon
thermodynamic data is used extensively to estimate metal speciation in solution. Such
modeling programs use total metal and ligand concentrations, and independently
measured stability constants as input data. One such computerprogram, capable of
calculating the equilibrium speciation ofaqueous systems comprising an electrolyte
solution, is MICROQL. It can be operated on any microcomputer with BASIC 2.0 and
BASIC EXTENSIONS 2.1 language systems. A few restrictions apply while performing
calculations on MICROQL:
(1)Only aqueous solution and adsorbed species are considered. No solid phasesor
dissolved gases are permitted as species and either total molar concentrations or
species concentrations may be specified as fixed.
(2)The aqueous solution is assumed to be ideal, i.e., the activity coefficients of all
aqueous solution species are assumed to have unit value. Therefore, all
equilibrium constants utilized by the program are conditional equilibrium
constants.
It is important to note that the predictive capabilities of computer models are limited by
their thermodynamic data base as well as by the degree to which a dynamic system may
be represented by an equilibrium description. These two limitations can cause problems35
when simulating the formation of organo-metal complexes. The thermodynamic
constants required to calculate complex formation between soluble organic ligands and
heavy metals are not well defined.15
4.2 How MICROOL Works
4.2.1 Species and Components
A species is a molecular entity that contributes to the mass, charge, and chemical
reactivity of an aqueous system, e.g., a soil solution. Speciescan include both free
aquo-ions as well as metal ligand complexes. Ligands can be either organicor inorganic
in nature. For every set of chemical species, it is possible to definea set of components
in such a way that every species can be writtenas the product of a chemical reaction
involving only the components, and no componentcan be written as the product of a
reaction involving only the other components. This is similar to the conventional
thermodynamic definition of components. In algebraic terms, the components can be
described as "a linearly independent set spanning species space". For each component
there will be a corresponding mass balance equation. A set of components is certainly
not unique, but once it has been defined, the representation of the species in terms of this
set of components is unique. t6
4.2.2 Mathematical Formulation
For every species i it is possible to write a generalized equilibrium constant
equation as follows:
Ci =Ki II Xi ai
J36
where:
Ci = molar concentration of product species i
Ki = formation constant for species i
X. = molar concentration of reactant component j
ai j= stoichiometric coefficient of component j in species i
This equation can also be written in the logarithmic form:
CK*i + EalX*i
J
where:
for every component i
C*i= logCi
K*i= logKi
X*j= logXj
This is the form of equilibrium conditions used in MICROQL.
Besides the conditions for equilibrium, mass balances must also be considered in
the speciation calculation. The mass balance equations express the fact that the amount
of mass in all of the species must be equal to the total amount of mass in the system.
There is one mass balance equation corresponding to each component. The mass balance
equations can be expressed in the general form as:37
E aC-1- T Y
where:
for every component j
T- = total molar concentration of component j
Y = the "error", or remainder, in the mass balance equation for component j. The
speciation problem is solved when all Ysi = 0. This is the form of mass balance equations
used in MICROQL.
4,2.3 Speciation calculations
Chemical speciation problems are normally posed such that given the total molar
concentrations of all the components, and the stoichiometry and equilibrium constants for
all species, one finds the free equilibrium molar concentrations of all the components,
from which one can then compute the molar concentrations of all species. This problem
is solved by MICROQL as follows:
(1)From initial guesses for the concentrations of components, the concentration of
each species is computed.
(2)From the concentrations of the species, the error or the remainder Y in the mass
balance equations is computed.
(3)Then an iterative technique based on the Newton-Raphson method is used to
find improved values of the component concentrations X such that the value of the
error Y becomes smaller.
(4)This iteration procedure is carried out until the error in the mass balance equations
is sufficiently small, with respect to the other terms in the equation, according to
a convergence criterion which is set as 0.0001% of Ti for each component j.38
4.3 Use of MICRO% in Desorption Experiments
The concentration of various species in the equilibrium supernatant solutionwas
computed using MICROQL. Of particular interest herewas the fate of the contaminant
metal and succinic acid in theaqueous solution at equilibrium. This was a very important
step in the validation of our technology, since we assume that the metal in solution exists
primarily as metal-organo complex.
For each of the heavy metal studied, six components (j= 6) namely H+, CI-, SO42,
"K+, (CH2C00)22- and the heavy metal itselfwere chosen and a maximum of thirty
possible species (i = 30) were formulated which included all the componentsas well.
Though the number of species possible for eachcase far exceeds thirty, the constraint was
imposed because of program restrictions and the selectionwas based on the highest value
of logK. It is for this reason that carbonate (C032") withvery low stability constants,
which was initially considered asa possible component, was eliminated from our
analysis. The total concentration of all the components, except S042", requiredas an
input for the program was determined experimentally. A few comments with respect to
each component are as follows:
(1)The final H+ concentration, used in the program, was measured usinga
pH-meter.
(2)K+ and Cl" ions enter the solutionas a consequence of pH adjustments. Hence
their concentration in solution can be easily calculated from the knowledge of
amounts used for pH adjustment. It is assumed that the initial and final
concentrations of these two counterions in solution remain constant, or in other
words none of the two components adsorbs onto the soil surface.39
(3)The value of 5042- ion concentration was fixed at 0.1 mM for all calculations.
The value was picked based on typical values found in the literature.
(4)It was assumed that the total succinate concentration, i.e., free and complexed in
solution remains constant.In other words, succinate in any form does not adsorb
onto the soil surface and hence, the total amount of succinic acid added initially to
the soil is the same as found in the final supernatant though it may exist in the
form of different species.
(5)The total concentration of heavy metal was the one obtained from AAS analysis.
The stability constants for metals and inorganic ligands were obtained from the
thermodynamic data base available with MICROQL. The metal-organic ligand formation
constants at 25°C and an ionic strength of 0.1 M, were compiled from "Critical Stability
Constants" (Martell & Smith). Table 4.1 lists the possible species and their stability
constants for each of the heavy metal studied. The abbreviation Sue" stands for
(CH2C00)22-, the succinate anion.40
Table 4.1 List of Species and their Stability Constants
Lead Copper Zinc
Species LogK Species LogK Species LogK
KCI -0.30 KCI -0.30 KC1 -0.30
KSu- 0.11 KSu- 0.11 KSu- 0.11
KHSO4 1.90 KHSO4 1.90 KHSO4 1.90
K2SO4 1.50 K2SO4 1.50 K2SO4 1.50
KSO4 0.90 KSO4 0.90 KSO4- 0.90
KOH -14.50 KOH -14.50 KOH -14.50
PbC1* 1.60 CuSO4 2.40 ZnSO4 2.40
PbCl2 1.80 Cu(SO4)22- 1.10 Zn(SO4)22- 1.10
PbC13" 1.70 Cu(SO4)34- 3.90 Zn(SO4)34- -3.80
PbC142- 1.40 CuHS044- 3.00 ZnHS044- 3.00
PbSO4 2.60 Cu Cl* 0.40 ZnCI + -0.20
Pb(SO4)22- 3.50 CuC12 -0.40 ZnCl2 0.20
Pb(SO4)34- 2.60 CuC13- -1.80 ZnC13" -1.40
PbHS044" 2.80 CuC142- -4.00 ZnC142- -1.50
PbSu 2.80 CuOHC1 -8.50 ZnOHC1 -8.10
Pb(Su)22- 3.99 CuOH* -8.00 Zn0H+ -9.00
Pb(Su)34- 3.89 Cu(OH)2 -17.30 Zn20H3* -9.00
PbOHC1 -7.4 Cu2(OH)224--10.40 HSO4 2.00
Pb0H+ -7.7 HSO4 2.00 H2SO4 -8.30
Pb20H3+ -6.4 H2SO4 -8.30 HC1 -8.40
Pb(OH)2 -17.1 HC1 -8.40 HSu- 5.20
HSu- 5.20 HSu- 5.20 H2Su 9.20
H2Su 9.20 H2Su 9.20 ZnSu 1.78
HSO4- 2.00 Cu Su 2.60 Zn(Su)22- 2.0041
5. EXPERIMENTAL RESULTS AND DISCUSSION
5.1 Soil Adsorption Isotherms
Selected properties of the soil used for our study are given in Table 5.1. The data
was obtained from the handbook: Soils of Oregon, Summaries of Physical and Chemical
data by J.H. Huddleston, Extension Soil Specialist, Oregon State University. The
adsorption behavior of Pb, Cu, and Zn on Willamette Valley soil is shown in Figures 5.1,
5.2, and 5.3 respectively (refer to Appendices, Tables A.1, A.2, and A.3 for raw data).
Although a common concentration dependent trend is observed among all metals, the
extent of adsorption followed the sequence Pb > Cu > Zn. There is no general agreement
on a single mechanism involved in the adsorption process, but (a) strong adsorption of
metal-hydroxo complexes resulting in inner sphere complexes (specific adsorption), (b)
simple cation exchange (nonspecific adsorption), and (c) competition by protons for sites
on the soil surface may all be involved.
The observed adsorption sequence can be explained in terms of the specific
adsorption of metal hydrolysis products. The specific adsorption of metallic ions occurs
most readily for metals that hydrolyze in water. The adsorption reaction generally
involves the formation of an inner sphere complex between the hydroxo-metal complex
and the negatively charged deprotonated surface of oxides, hydroxides, and
oxyhydroxides of Al, Mn, and Fe. This reaction can be described as follows:
=S - 0" + MOH+ =S - 0 - MOH
The pK value of the first hydrolysis product of the particular metal, where K is the
equilibrium constant of the hydrolysis reaction, also follows the same sequence of metals42
Table 5.1 Characteristics of Soil Selected for Metal Adsorption/Desorption Studies
Name Pachic Ultic Argixeroll
PH 5.8
CEC (meq/100g of soil) 18-22
Bulk Density (g/cc) 1.54
Organic Matter (%) 0.8-1.0
Organic Carbon (%) 0.5-1.0
Ca2+ (meq/100g of soil) 7.0-10.0
Mg2+ (meq/100g of soil) 2.0-4.0
Na+ (meq/100g of soil) 0.05-0.1
K+ (meq/100g of soil) 0.5-0.7
1r (meq/100g of soil) 6.0-9.043
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Figure 5.1 Lead Adsorption Isotherm on Willamette Valley Soil at 25°C and an Initial
pH of 4.5. Symbols represent experimental data and the solid line is a
Langmuir-Type model fitted to the data.30
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Figure 5.2 Copper Adsorption Isotherm on Willamette Valley Soil at 25°C and an Initial
pH of 4.5. Symbols represent experimental data and the solid line is a
Langmuir-Type model fitted to the data.45
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Figure 5.3 Zinc Adsorption Isotherm on Willamette Valley Soil at 25°C and an Initial
pH of 4.5. Symbols represent experimental data and the solid line is a
Langmuir-Type model fitted to the data.46
when arranged in the order of increasing pK values,i.e., 6.2 for Pb > 8.0 for Cu > 9.0 for
Zn. This suggests that the metal hydroxo complexes (e.g., MOH+)are more adsorbable
than free metal cations (M2+). One could also infer that Pb is heldmore strongly than
than either Cu or Zn as a result of inner sphere complexes, which involve covalent
bonding. On the other hand Zn would be present mostly in the exchangeable form and
held weakly onto the soil surface by electrostaticor coulombic forces. As expected, the
calculated adsorption maximum (parameter b) for the three metalson the Willamette
Valley soil is close to the cation exchange capacity (CEC) of the soil. Theprotons in
solution are not effective in competing for the available sites, sincewe are operating at
fairly large metal concentrations.
The adsorption data has been fitted to a Langmuir-Type model and Table 5.2 lists
the calculated Langmuir parameters using non-linear regression. Thecurves generated
using the Langmuir-Type model are good representations of the experimentally obtained
results (see Figures 5.1, 5.2, and 5.3). The parameter b reflects the maximum adsorption
capacity of the soil and K is the "bonding constant" which is related to theenergy of
adsorption. The bonding constant indicates of how strongly the metal ion is adsorbed
onto the soil. Here it reflects the weaker retention of Zn2+ relative to Pb2+ on Willamette
Valley soil.
5.2 Metal Desorption Studies
Desorption experiments were carried out using succinic acid as the flushing agent.
The study primarily focussed on the effect of pH and organic acid concentration on metal
mobilization for the three different metals studied. Figure 5.4 shows the heavy metal
content of the synthetic contaminated soils prepared in our laboratory and represents the
maximum amount of metal that can be leached out from a particular batch of
contaminated soil.47
Table 5.2 Calculated Langmuir Parameters from Soil Adsorption Data
Metal b KL
(meq/100g soil) (wit
Pb 23.9 0.00745
Cu 24.2 0.00091
Zn 21.8 0.0021250
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Figure 5.4 Metal Analysis For Synthetic Heavy-Metal Contaminated Soils
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5.2.1 Metal Mobilization by Succinic Acid
The total amount of metal mobilized into the solution phase by succinic acid is
depicted in Figures 5.5, 5.6, and 5.7 for the three different acid concentrations studied
(refer to Appendices, Tables A.4, A.5, and A.6 for raw data). From all these figures, it is
evident that the amount of metal leached out follows the sequence Zn > Cu > Pb, which is
the opposite of the anticipated behavior based on the logK values that is 2.8 for Pb, 2.6
for Cu, and 1.76 for Zn. This sequence is also the exact opposite of the sequence
observed for adsorption studies, where Pb was the metal most adsorbed as compared to
copper and zinc. Hence, metal release from soils is not solely dependent on the logK
value of the metal and organic ligand in question.
Normally, organic acids influence the dissolution of metals in soil by forming
stable complexes with them in the soil solution, and thus depend on the logK value of the
organic acid. However metal release from soil also depends upon its mode of retention in
the same. Metals retained as inner sphere complexes are released through surface
complexation reactions. In this case, there is a strong relationship between metal released
and the logK value of the organic acid. In other words, logK values seem to reflect the
ability of the organic acids to enter into surface complexation reactions.
Metals present in soil as exchangeable cations are released by cation exchange
reactions and depend strongly upon the exchangeable cations present in the solution.
Hence surface complexation reactions are expected to have only a secondary effect on the
release of metal present in the exchangeable form. The presence of exchangeable metal
probably contributes to the large release of the contaminant metal even in organic acid
solutions with low logK values. Therefore, differences in the amounts of Pb, Cu, and Zn
released into the solution arise from alternate metal retention modes within contaminated
soil as well as differences in the logK values of the organo-metal complexes.50
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Figure 5.5 Total Amount of Metal Leached out in Solution with 1 mM Succinic
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Figure 5.6 Total Amount of Metal Leached out in Solution with 10 mM Succinic
Acid at 25°C.
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Figure 5.7 Total Amount of Metal Leached out in Solution with 100 mM Succinic
Acid at 25°C.53
Even though zinc demonstrates the lowest value of logK, the amount leachedout is the
maximum. As stated before, this paradox can be explained by the fact that zinc is mostly
retained in the readily exchangeable mode within the soil and hence cation exchange
mechanism of metal release would dominate over the surface complexation mechanism.
This also gives us insight into the mode of retention of Cu and Pb in the soil. Since the
amounts leached seem comparable to their logK values and ligand exchange is certainly
as important as simple cation exchange for metal release in solution; both inner sphere
complexes and exchangeable form could be the mode of retention of Pb and Cu within
the soil.
Since succinic acid is a rather nonspecific complexing agent, it is capable of
complexing with structural cations such as Fe, Al, and Si and mobilize them into the
solution phase, which is not desirable. Since succinic acid can form stable complexes
with all three of these structural cations they are capable of outcompeting the heavy
metals for succinate binding. Hence it was imperative to examine their levels in the
supernatant solutions. The procedure adopted for analyzing Al, Fe, and Si is similar to
that for heavy metals. The amount leached out in this study was extremely low(refer to
Appendices, Tables A.7, A.8, and A.9). There is some evidence which suggests that the
release of structural cations is kinetically limited at low temperatures. Hence short-term
leaching experiments at room temperature (as in this study) should result in very little
leaching of structural cations.
All experiments were performed in duplicates to verify the accuracy of our results.
The data obtained from the two runs were in close agreement (refer to Appendices,
Tables A.1-A.9). The observed desorption trend for zinc as a function of initial pH of
succinic acid solution (refer to Figures 5.5, 5.6, and 5.7) was distinct from the one
observed for both lead and copper. In order to be certain that the peaks obtained in the54
case of zinc were not a consequence of experimental error, it was decided to repeat the
experiment. The results obtained from thisrun were commensurate with the earlier ones.
5.2.2 Effect of Succinic Acid Concentration
Figures 5.8, 5.9, and 5.10 indicate the effect of succinic acid concentration on the
amount of metal leached out for the three different metals. As can be expected lower
values of pH (<5) and higher concentrations of organic acid are more effective in
mobilizing metal into the solution. A 100 mM concentration of succinic acid at an initial
pH of 3.5 was enough to leach out roughly 65% of the total copper (3700 tiM) present in
the soil and approximately 40% of the total lead (4680 pM) present in the soil. With
respect to Zinc, the percent removal increased with increasing pH, reaching a maximum
in the range of 4.5 to 5.5, and then decreased with any further increase in pH. Hence the
maximum removal (-80% of a total of 3780 tiM) was achieved in the intermediaterange.
The fact that higher concentration of succinic acid is more effective in terms of
the amount leached out reflects the importance of surface complexation reaction as a
possible mechanism of metal release into the solution. It also shows the significance of
proton and metal competition for succinate binding, which may explain the decrease in
the metal leached out with a decrease in the acid concentration. As the acid concentration
in the aqueous phase is decreased at a fixed pH (say 3.5 ), the hydrogen ions would
outcompete the metal ions for succinate binding since the stability constant of hydrogen
and succinate ion is much higher than that of any of the metals in consideration and
succinate ion.
5.23 Effect of
The effect of pH can be analyzed by examining Figures 5.5- 5.10. In general,
low pH ( 3.5 ) favors metal removal, at least in the case of lead and copper; however, the50
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Figure 5.8 Percent Lead Removal from Soil as a Function of Initial pH and Succinic
Acid Concentration.80
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Figure 5.9 Percent Copper Removal from Soil as a Function of Initial pH and Succinic
Acid Concentration.100
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Figure 5.10 Percent Zinc Removal from Soil as a Function of Initial pH and Succinic
Acid Concentration.58
range of 4.5 to 5.5 appears to be optimum for the removal of zinc from soil. As the pH
increases, metal hydrolysis increases because OH ions outcompete Sue ion for binding
with metal. Since hydrolyzed metal (MOH + ) hasa high affinity for the soil surface, it
readsorbs back onto the soil surface, thereby decreasing the amount of metal in solution.
This phenomena is true for all three metals at various organic acid concentrations. In the
case of zinc as seen in Figures 5.6 and 5.7, we observe an increase, a plateau, and then a
decrease in the amount of metal in solutionas the pH is increased. At low pH, strong
proton competition inhibits succinate binding with the metal and limits the amount in
solution; but as the pH is increased, greater amounts of metal are mobilized into the
solution. Further increase in the pH promotes metal hydrolysis, which is accompanied by
readsorption back onto the soil surface. Since lead and copper have a higher value of
stability constant (logK) with succinic acid, proton competition for these metals is notas
significant at low pH and we do not observe such a trend as in the case of zinc, thoughan
increase in the pH does result in a decrease in metal concentration in solution. It is quiet
likely that if we decrease the pH beyond 3.5,we may observe a similar behavior for both
lead and copper, although, the latter exhibitsa similar trend at a succinic acid
concentration of 10 mM, as seen in Figure 5.6.
The final pH of the supernatant solution, containing the mobilized heavy-metal,
was recorded for all desorption experiments performed (refer to Appendices, Tables A.1-
A.9). The final pH stayed close to the initial pH for high concentration of succinic acid
(100 mM) in solution implying that the aqueous ligands outcompete the surface ligands
for proton binding. At low initial succinic acid concentrations (1 and 10 mM), the final
pH increased, suggesting a cation exchange reaction where protons in solution are
replaced by the contaminant heavy-metal. The results obtained from the desorption
experiments, if depicted as a function of the final pH, would show a similar trend as for
the case of initial pH but the data points would be clustered together. It would be difficult59
to draw conclusions from such a representation, especially when making a comparative
study of the three heavy-metals in consideration.
53 Speciation Calculations Using MICROOL
Speciation calculations performed by MICROQL gives an estimation of the fate
of metal, organic and inorganic ligands in the leachate. It tellsus about the possible
compounds in solution and their amounts, given the total concentration of the metals and
ligands. The results obtained from speciation calculations indicate that the association of
metals and inorganic ligands (namely CI-, S042-, and OH) is negligible and that the
concentration of the resulting compounds is less than 1 j.tM. Results obtained for the
heavy metals and succinic acid are discussed below.
5.3.1 Lead
Figure 5.11 shows the speciation of lead in solution at equilibrium. The two most
important fractions of lead are the Pb2+ free ion and lead complexed with succinate ion
(PbSu). Higher values of pH and succinic acid concentration seem to favor the formation
of the organo-metal complex over the free ionic form. Succinic acid exists primarily in
three fractions, the undissociated form (H2Su), partially dissociated form (HSti- ), and the
completely dissociated fraction (Su2-). Figure 5.12 shows that higher pH values are more
favorable for the dissociated fraction rather than the other two forms which dominate at
lower values of pH. The undissociated form appears at higher concentrations of acid and
is rather insignificant at low .organic acid concentration.
It was possible to cross-check the predicted results obtained for Pb2+ activity
versus those measured experimentally using an Pb2+ ion specific electrode. The
experimental results are in close agreement with the predicted values as shown in
Figure 5.13.60
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Figure 5.11 Predicted Equilibrium Speciation of Lead in Solution as a Function
of Initial pH and Succinic Acid Concentration.61
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Figure 5.12 Predicted Equilibrium Speciation of Succinic Acid in Lead Solution as a
Function of Initial pH and Succinic Acid Concentration.62
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Figure 5.13 Comparison of Measured and Predicted Free Lead Concentration in
Supernatant Solution. (Open Symbols Represent Predicted Values)63
5,3.2 Copper
As in the case of lead, the most abundant species of copperare the organo-
metallic complex(CuSu) and the free ionic form(Cu2+)as shown in Figure 5.14. Low
pH and succinic acid concentration favor the lattertype, while high pH and organic acid
concentration promote the former. Figure 5.15 shows the equilibrium speciation of
succinic acid in a solution containingcopper. At high succinic acid concentrations, the
undissociated form of the acid predominates at low pH, whileas at high pH it primarily
exists in the completely dissociated form
5.3.3 Zinc
Figures 5.16 and 5.17 depict the speciation results for zinc. For all cases of
organic acid concentration, large amounts of Zn2+are observed at low pH as a result of
strong proton competition; whereas higher pH favors the complexation of the metal and
the organic ligand (ZnSu). The speciation of succinic acid in the zinc solution is similar
in trend as compared to the other two metals studied.64
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Figure 5.15 Predicted Equilibrium Speciation of Succinic Acid in Copper Solution asa
Function of Initial pH and Succinic Acid Concentration.66
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Figure 5.16 Predicted Equilibrium Speciation of Zinc in Solution as a Function
of Initial pH and Succinic Acid Concentration.67
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Figure 5.17 Predicted Equilibrium Speciation of Succinic Acid in Zinc Solution as a
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6. CONCLUSIONS
(1)Succinic acid, a low molecular weight dicarboxylic acid is capable of significantly
modifying the partitioning of heavy-metals between the soil surface and the
solution phase.
(2)Low pH and high concentration of succinic acidare favorable for metal
leaching.
(3)There is no general agreement on a single mechanism involved in the adsorption
process, but strong adsorption of metal hydroxo complexes resulting in inner
sphere complexes (specific adsorption), simple cation exchange (nonspecific
adsorption), and competition by protons for sites on the soil surfacemay all be
involved.
(4)One can infer that Pb is held more strongly than than either Cuor Zn, as a result
of inner sphere complexes which involve covalent bonding. On the other hand,
Zn is present most in the exchangeable form and held weakly onto the soil
surface by electrostatic or coulombic forces.
(5)The adsorption of metal ions onto the soil surface can be described by the
Langmuir-type model.
(6)Speciation calculations performed by MICROQL predicts that the heavy metal
primarily exists in two forms: (a) complexed with succinic acid and (b) free ionic
form. On the other hand, succinic acid exists in three forms depending on the pH
of the solution, besides being complexed with the heavy metal: (a) H2Su, (b)
HSu-, and (c) Sue -.69
7. RECOMMENDATIONS
(1)The results emphasize the need to understand both the metal solution
chemistry and the metal distribution among various modes of fixation within the
soil to better evaluate the solubilization of metals by organic acids. Sequential
extraction of metals from soils using different reagents is a useful technique for
determining their chemical forms in polluted soils.
(2)The effect of ionic strength of the flushing reagent is important for metals which
are predominantly retained in the non-detrital form within the soil and should be
taken into consideration for future experiments. NaC1O4 would be a good choice
of a background electrolyte, since it would promote the displacement of sorbed
metal and at the same time not interfere with the complexation of the heavy metal
and the organic acid.
(3)Soils having different levels of contaminant metal and the effect of varying soil to
flushing liquid ratio for desorption studies are important variables that should be
investigated.
(4)The concentration of the organic fractions in the supernatant solution should be
measured using ion-chromatography to verify the predictive capability of
MICROQL.
(5)Conduct experiments using heavy-metal contaminated soil from actual Superfund
Sites.70
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A. Raw Data from Adsorption Study
The data obtained from adsorption study is presented in Tables A.1, A.2, and A.3
for lead, copper, and zinc respectively. The numbers in the first column of these tables
are the initial concentrations of the metal solution used for adsorption study. The second
column lists the initial pH of these metal solutions. The next two columns present the
final concentration of the metal remaining in the aqueous phase after being contacted with
the uncontaminated soil and the final pH of the supernatant solution. The last two
columns conveys the same information for the duplicate run.
B. Raw _Data from Desorption Study- Heavy-Metals
The data obtained from the desorption study is presented in Tables A.4, A.5, and
A.6 for lead, copper, and zinc respectively. The numbers in the first column of these
tables are the initial succinic acid concentrations used for the desorption experiments.
The second column lists the initial pH of these succinic acid solutions. The next two
columns present the concentration of the metal mobilized into the aqueous phase and the
pH of the supernatant solution. The last two columns convey the same information for
the duplicate run.
C. Raw Data from Desorption Study- Structural Cations
The amount of structural cations namely Al, Si, and Fe mobilized into the aqueous
phase during the desorption experiments carried out for lead-contaminated soil is
presented in Tables A.7, A.8, and A.9 respectively. The first two columns of these tables
lists the initial succinic acid concentration and pH used for the desorption experiments.
The third column presents the amount of metal mobilized into the supernatant solution.
The last column conveys the same information for the duplicate run.73
Table A.1 Lead Adsorption Study Data
Initial
Conc.
(pmol/L)
Initial pH
Run#1 Run#2
FinalConc.
(gmol/L)
Final pHFinal Conc.
(tmol/L)
Final pH
42 4.5 1 6.1 1 6.1
84 4.5 1 5.8 1 5.7
168 4.5 5 5.3 4 5.4
252 4.5 12 5.2 12 5.3
336 4.5 29 5.2 25 5.2
425 4.5 42 5.2 45 5.2
850 4.5 269 5.0 278 4.8
4800 4.5 3575 4.6 3566 4.6
9000 4.5 7800 4.5 7800 4.574
Table A.2 Copper Adsorption Study Data
Initial
Conc.
(pmol/L)
Initial pH
Run#1 Run#2
Final Conc.
(Iimol/L)
Final pHFinal Conc.
(pinol/L)
Final pH
52 4.5 15 5.5 11 5.8
104 4.5 30 5.6 30 5.7
208 4.5 72 5.5 68 5.6
312 4.5 148 5.4 29 5.5
416 4.5 201 5.4 190 5.4
515 4.5 248 5.3 272 5.3
1030 4.5 644 5.1 707 5.1
5150 4.5 4106 4.7 4146 4.7
10300 4.5 9045 4.6 9460 4.775
Table A.3 Zinc Adsorption Study Data
Initial
Conc.
(p.mollL)
Initial pH
Run#1 Run#2
Final Conc.
(1.1mol/L)
Final pHFinal Conc.
(gmol/L)
Final pH
41 4.5 8 5.8 10 6.1
81 4.5 17 5.9 17 6.1
163 4.5 27 5.5 21 5.2
244 4.5 38 5.4 43 5.9
326 4.5 76 5.5 85 5.0
407 4.5 143 5.6 42 5.4
814 4.5 413 5.5 435 5.3
4069 4.5 2995 5.1 3160 5.4
8500 4.5 7375 5.3 7600 4.976
Table A.4 Lead Desorption Study Data
Initial
Conc.of
Succinic
Acid
(mmol/L)
Initial pH
Run#1 Run#2
Final Metal
Conc.
(gmol/L)
Final pH
Final Metal
Conc.
(gmoUL)
Final pH
0 3.5 30 4.8 28 5.3
1 3.5 48 5.4 55 5.1
10 3.5 500 4.1 500 4.1
100 3.5 1728 3.7 1650 3.6
0 4.5 18 5.5 20 5.5
1 4.5 29 5.2 27 5.4
10 4.5 477 4.6 480 4.6
100 4.5 1256 4.6 1305 4.5
0 5.5 21 5.2 20 5.3
1 5.5 34 6.1 35 6.3
10 5.5 426 5.3 491 5.4
100 5.5 1200 5.4 1276 5.4
0 6.5 20 5.6 19 5.7
1 6.5 41 5.7 38 5.8
10 6.5 396 5.7 345 5.7
100 6.5 1213 6.2 1215 6.2
0 7.5 19 5.8 19 5.8
1 7.5 37 5.8 38 5.9
10 7.5 301 5.8 343 5.9
100 7.5 1109 6.6 1122 6.6
0 8.5 16 6.2 15 6.3
1 8.5 37 6.1 40 6.0
10 8.5 360 6.0 342 5.9
100 8.5 1134 6.6 1146 6.677
Table A.5 Copper Desorption Study Data
Initial
Conc.of
Succinic
Acid
(mmol/L)
Initial pH
Run#1
1
Run#2
Final Metal
Conc.
(pmolVL)
Final pH
Final Metal
Conc.
(iimol/L)
Final pH
0 3.5 79 5.0 79 5.1
1 3.5 216 4.8 214 4.8
10 3.5 916 4.0 863 4.1
100 3.5 2391 3.5 2232 3.5
0 4.5 51 5.1 52 5.2
1 4.5 149 5.0 147 5.0
10 4.5 1017 4.6 997 4.6
100 4.5 1515 4.4 1490 4.4
0 5.5 52 5.0 49 5.1
1 5.5 122 5.2 125 5.1
10 5.5 806 5.3 805 5.2
100 5.5 1306 5.4 1289 5.5
0 6.5 49 5.1 47 5.4
1 6.5 113 5.4 109
1
5.4
10 6.5 642 5.7 637 5.7
100 6.5 1304 6.3 1259 6.378
Table A.6 Zinc Desorption Study Data
Initial
Conc.of
Succinic
Acid
(mmoUL)
Initial pH
Run#1 Run#2
Final Metal
Conc.
(pmol/L)
Final pH
Final Metal
Conc.
(.tmol/L)
Final pH
0 3.5 185 5.6 180 5.7
1 3.5 301 5.2 300 5.4
10 3.5 945 4.1 1105 4.1
100 3.5 2375 3.6 2305 3.6
0 4.5 148 5.6 155 5.8
1 4.5 276 5.7 282 5.5
10 4.5 1250
_
4.8 1255 4.8
100 4.5 3030 4.6 3070 4.5
0 5.5 63 5.6 75 5.8
1 5.5 242 6.0 364 6.0
10 5.5 1745 5.7 1305 5.7
100 5.5 3055 5.6 2995 5.6
0 6.5 104 5.7 114 5.6
1 6.5 247 6.1 227 6.0
10 6.5 1100 6.2 1070 6.3
100 6.5 2150 6.5 2190 6.579
Table A.7 Aluminium Desorption Study Data
Initial Succinic
Acid Conc.
(mmol/L)
Initial pH
Run#1
Final Metal Conc.
(won)
Run#2
Final Metal Conc.
(pmol/L)
0 3.5 0 0
1 3.5 0.0 0.0
10 3.5 0 0.0
100 3.5 5 5
0 4.5 0 0
1 4.5 0.0 0
10 4.5 1 0
100 4.5 4 3
0 5.5 0 1
1 5.5 0 0
10 5.5 0 0
100 5.5 1 1
0 6.5 1 1
1 6.5 0 1
10 6.5 0 0
100 6.5 0.0 0
0 7.5 0 1
1 7.5 1 1
10 7.5 0 0
100 7.5 0 0
0 8.5 0 0
1 8.5 0 0
10 8.5 0 0
100 8.5 0 080
Table A.8 Silicon Desorption Study Data
Initial Succinic
Acid Conc.
mmol/L
Initial pH
Run#1
Final Metal Conc.
!anon
Run#2
Final Metal Conc.
Innol/L
0 3.5 18 18
1 3.5 22 22
10 3.5 18 20
100 3.5 41 41
0 4.5 18 18
1 4.5 20 20
10 4.5 25 26
100 4.5 25 26
0 5.5 18 18
1 5.5 16 16
10 5.5 18 18
100 5.5 18 18
0 6.5 18 18
1 6.5 18 18
10 6.5 14 14
100 6.5 12 12
0 7.5 18 18
1 7.5 17 18
10 7.5 13 14
100 7.5 11 11
0 8.5 20 20
1 8.5 20 19
10 8.5 14 13
100 8.5 11 1181
Table A.9 Iron Desorption Study Data
Initial Succinic
Acid Conc.
(mmol/L)
Initial pH
Run#1
Final Metal Conc.
(gmol/L)
Run#2
Final Metal Conc.
(iimol/L)
0 3.5 0 0
1 3.5 0 1
10 3.5 1 1
100 3.5 5 6
0 4.5 5 1
1 4.5 1 0
10 4.5 0 0
100 4.5 5 6
0 5.5 2 6
1 5.5 1 1
10 5.5 0 0
100 5.5 2 2
0 6.5 5 5
1 6.5 3 1
10 6.5 2 1
100 6.5 1 1
0 7.5 6 4
1 7.5 4 3
10 7.5 3 3
100 7.5 4 3
0 8.5 2 5
1 8.5 2 2
10 8.5 2 2
100 8.5 4 3